ABSTRACT
demonstrates reverse slip rates of ~0.1-0.3 mm/yr over the past ~12-37 ky, which agree 23 with rates predicted by a GPS-constrained boundary element model of interseismic stress 24 from Cascadia subduction zone coupling. Similarly, model-predicted patterns of 25 interseismic uplift mimic the overall pattern of incision in the lower Wynoochee River 26 valley, as revealed by strath elevations dated at 14.1 ± 1.2 ka. Agreement between 27 modeled short-term and observed long-term records of forearc strain suggests that 28 interseismic stress drives slip on upper-plate faults and fluvial incision in Cascadia. 29
Consistency over multiple time scales may indicate relative stability in spatial patterns of 30 subduction zone coupling over at least ~10 4 yr intervals. 31
INTRODUCTION 32
A comprehensive picture of deformation, topographic development, and seismic 33 hazard in subduction zone forearcs requires understanding strain over multiple time 34 intervals. Although interseismic deformation above a subduction zone is considered to be 35 largely elastic (e.g., Mazzotti et al., 2002; Mitchell et al., 1994) , some fraction may be 36 retained as permanent strain over multiple earthquake cycles (e.g., Kelsey et al., 1994; 37
Melnick et al., 2009). Records of incremental deformation preserved in Quaternary 38
forearc landforms may encode information about the relative stability of shorter-term 39 (10 1 -10 3 yr) processes such as interseismic strain, segmentation of megathrust ruptures, 40 and upper-plate faulting (Personius, 1995) . 41
The relationship between deformation from the megathrust earthquake cycle and 42
Holocene-active forearc faults and folds is poorly quantified. Forearc structures may 43 accommodate margin-normal and/or parallel slip related to the orientation of plate 44
convergence (e.g., McCaffrey, 1993) Topographic profiles along terrace surfaces cut by the CRF (Fig. 2 , profiles A-P) 109 yield vertical separations of ~0.9-6.1 m ( Fig. 2a ; Table DR3 , Appendix DR1). In 110 combination with OSL ages from the Qt8, Qt7, and Qt4 terraces (Table 1) , these 111 measurements suggest vertical separation rates of ~0.1-0.4 ± 0.1 mm/yr (Fig. 2a , Table  112 DR3). Uncertainty in matching the Qt5 terrace across the CRF yields vertical separations 113 of 4.3 ± 1.6-7.7 ± 3.5 m, depending on the continuity of the northern terrace tread withQt5 and Qt5b south of the fault (Fig. 2c) . These profiles give vertical separation rates of 115 0.3 + 0.2/-0.1 and 0.5 + 0.3/-0.2 mm/yr, respectively, using the offset Qt5 deposit age of 116 14.8 ± 2.0 ka (WYN-06). Based on a range of fault dips from 55 to 85ºS, encompassing 117 the observed 70°S dip from Walsh and Logan (2007), the median reverse slip rate for all 118 profiles is 0.2 mm/yr (Table DR3 ). Since OSL sample burial predates modern tread 119 formation, OSL-derived separation rates are regarded as minima (Appendix DR1). 120
To test the relationship between slip on the CRF and the underlying CSZ, we use 121 a boundary element method model (e.g., Crouch and Starfield, 1983) to calculate stress 122 imposed on the CRF by interseismic coupling on the CSZ ( We use terrace strath incision along the Wynoochee River to estimate long-term 138 (10 3 -10 4 yr) vertical uplift and compare to modeled interseismic uplift (Fig. 3 ). This 139 analysis uses the elevation of the Qt5 strath, the most continuous and best-exposed 140 terrace in the Wynoochee valley. Strath heights come from high-resolution differential 141 GPS field surveys and well log data (Table DR4 ) (Washington State Dept. of Ecology, 142 2015). In the upper reaches of the Wynoochee River (<20 km), the Qt5 terrace deposit 143 contains a thick aggradational fill (~5-20 m) deposited on fine-grained glaciolacustrine 144 deposits and basalt (Fig. 3b) . Incised glacial deposits beneath Qt5 fill suggest alternating 145 periods of vertical incision, aggradation, and valley re-excavation, resulting in artificially 146 high incision rates. We therefore focus on the overall rate and pattern of incision in the 147 lower reaches of the river (>20 km), where relatively thin fluvial deposits overlie straths 148 incised into sedimentary bedrock (Fig. 3b) . Here, OSL dates provide the minimum strath 149 abandonment age and therefore maximum incision rates (e.g., Litchfield and Berryman, 150
2006). 151
Incision of the Qt5 strath, calculated by subtracting the channel elevation from the 152 strath elevation, varies along the length of the Wynoochee River (Fig. 3c) . Discrepancy 153 between strath offset and Qt5 terrace tread offset (~4-7 m, Fig. 2c ) across the CRF 154 supports our inference of diachronous strath cutting below Qt5 in the glacially 155 influenced, upper reaches of the river (<20 km). Where strath incision is potentially more 156 straightforward to interpret downstream, the Qt5 strath shows broad warping over a half 157 wavelength of ~30 km (Fig. 3c) . The range of Qt5 strath heights incised into sedimentary 158 bedrock corresponds to incision rates of 0.4 ± 0.3-1.8 ± 0.3 mm/yr, assumingsimultaneous tread abandonment and using an average Qt5 OSL age of 14.1 ± 1.2 ka 160 (Fig. 3c, Appendix DR1) . 161
Modeled uplift rates representing combined effects of CSZ coupling and CRF slip 162 are ~2.1-2.8 mm/yr along the Wynoochee valley (Fig. 3a,c) . This total rate reflects 163 interseismic uplift plus an average annual contribution from CRF earthquakes. 164
Interseismic uplift rates generally decrease to the east with increasing distance from 165 strong CSZ coupling (Fig. DR11) , but south-side-up motion on the CRF introduces some 166 deviation from this pattern. Notably, the Wynoochee River flows through a local 167 minimum in model-predicted uplift, owing to segmentation of the CRF within the valley 168 (Fig. 3a) . potentially varies along-strike, between the coseismic and interseismic phase of the 185 megathrust earthquake cycle, and/or over multiple earthquake cycles. As such, we focus 186 here on predicted reverse motion on the CRF driven by subordinate trench-parallel 187 convergence due to subduction zone coupling. Reverse slip on the CRF also compares 188 well with geomorphic evidence of continued, south-side-up reverse motion on the CRF 189 (Fig. 2) . 190
Several factors complicate the degree to which fluvial downcutting recorded by 191
Wynoochee terraces (Fig. 3) Neither isostasy nor base level change, however, likely produces the broad, ~15-203 20 m warping of the Qt5 terrace strath in the lower Wynoochee River (Fig. 3c) . Although 204 this feature could reflect motion on a blind fault, we note a correlation between incisionand predicted interseismic uplift along the Wynoochee valley ( Fig. 3c and inset) . 206
Combined with the location of the Wynoochee River at a local minimum in total modeled 207 uplift (Fig. 3a) , such spatial coincidence suggests that terrace downcutting mimics short- 
